tors. There was significant correlation (R 2 = 0.84) between ash content and lipid oxidation. Apogee is a better candidate crop than Perigee for a self sustaining environment, but both dwarf varieties could be used for tailored food applications.
INTRODUCTION
Wheat has been designated as the most important NASA Advanced Life Support (ALS) candidate crop due to its ability to be utilized in a wide variety of food products, as well as its nutritional characteristics. With current propulsion systems, it is anticipated that a mission to Mars will take no less than three years. [1] To support this mission, a self-sustaining, closed-loop food system needs to be established. Space constraints and system requirements have led to the development of two dwarf candidate cultivars of wheat, Apogee and Perigee, which would likely be grown hydroponically. These crops must have a high yield with a minimum amount of inedible biomass. An understanding of the structural and functional profiles of wheat cultivars is critical for extended duration missions in order to optimize wheat selection, either for wheat grown hydroponically and processed in space, or for inclusion of wheat berries in a prepackaged bulk food system. 'USU-Apogee' and 'USU-Perigee' are dwarf wheat cultivars (approximately 50 cm and 30 cm in height, respectively) developed at Utah State University for high yields in greenhouse conditions. [2] Cross breeding between Parula and Super Dwarf cultivars resulted in the development of these cultivars, which are approximately 30-50% shorter than Yecora Rojo (a premium bread wheat). Compared to the Super Dwarf cultivar which has similar height characteristics, berry production by Apogee and Perigee is 30% higher. [3] The dimensional reduction and high berry production make Apogee and Perigee excellent candidate crops for an advanced life support, bio-regenerative food system if their composition and functional traits support the production of high quality foods.
Veillard et al. [4] compared wheat characteristics, such as the chemical, rheological, and baking properties, of Apogee to terrestrial wheat flours. They reported that Apogee has high levels of proteins, free lipids, ash, pentosans, and starch damage. [4] Apogee was found to have a high protein content (15.2%), high water absorption for straight and whole-wheat flour (70 and 78%, respectively), and a medium dough development time (4.5 min). The study concluded that Apogee could be used for breads and possibly pasta, but it would not be suitable for products, such as cookies and cakes, that require flour with less protein. [4] While some studies have been performed on the Apogee cultivar, [2, 5] the composition and functional properties of wheat berries from the shorter Perigee cultivar have not been previously reported. This cultivar could be a better candidate crop due to its smaller size and less inedible biomass. The objectives of this study were to determine the composition and functional properties of Apogee and Perigee dwarf wheats, to compare these properties to common terrestrial wheat cultivars, and to determine whether there are differences between field-and hydroponically-grown wheats that could influence food quality.
MATERIALS AND METHODS

Wheat Samples
Wheat samples (Triticum aestivum L.) of Apogee, Perigee, Yecora Rojo, Parshall, and Yavaros 79, shown in Fig. 1 , were obtained from different sources. Apogee and Perigee are super dwarf cultivars grown from seeds originally obtained from Utah State University. Berries from these cultivars were grown in a greenhouse at Purdue University in three lots and are referred to as either "Apogee" or "Perigee." Single lots of hydroponically-and field-grown samples of Apogee and Perigee were provided by Utah State University and are referred to as either "hydro" or "field" in the results. Hydroponically-grown samples were in soilless media and watered with a complete nutrient solution with drip irrigation, twice daily. Terrestrial cultivars were selected based upon their various properties and used for different final products (e.g., hard wheat for bread, durum wheat for pasta). Parshall, a hard red spring wheat, was obtained from Foundation Seed Company (Fargo, ND, USA). Yecora Rojo, a hard red spring wheat, and Yavaros 79, a durum wheat, were purchased from Foundation Seed Company (Davis, CA, USA). Triplicate samples of "terrestrial" wheats were purchased. To prepare flour, all wheat samples were milled twice using a Nutrimill grain mill (Nutrimill Home Mill, Salt Lake City, UT, USA) and adjusted to 14% moisture prior to analysis.
Reagents
The following reagents were used in this study: acetic acid, ethanol, methanol, petroleum ether, and sulfuric acid from Mallinckrodt (Paris, KY, USA); Coomassie brilliant blue R-250, 2-mercaptoethanol, sodium acetate, and sodium dodecalsulfate (SDS) from Bio-Rad (Hercules, CA, USA); sodium borate, sodium chloride, 2,2-diphenyl-1picrylhydrazyl, thiobarbituric acid, and trichloracetic acid from Sigma-Aldrich (St. Louis, MO, USA).
Proximate Analysis
Wheat berries were tested for protein, crude fat, crude fiber, and ash. Protein was measured using AOAC Method 992.23. [6] Crude fat was determined using AOAC Method 920.39C. [6] Ash was determined using AOAC Method 942.05. [6] Crude fiber was determined using AOAC Method 962.09. [6] 
Protein Analyses
Proteins were isolated from ground wheat flour using a solubility-based assay [7] and fractionated into three tubes. Albumins and globulins were isolated in 0.9 M NaCl, gliadins were isolated in 70% ethanol, and glutenins were isolated from a borate solution containing SDS detergent. Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was performed on a 10-20% Criterion gradient gel at 200 V for 1 h. A broad range molecular weight marker (7.1-209 kDa) was run along with the proteins for size comparison. Gels were then stained and destained to observe protein fragments. [7] Mixograph Mixograph studies indirectly measured gluten strength by determining the amount of force necessary to mix dough as water is added according to AACC Method 54-40. [8] Thirty grams of flour were adjusted to 14% moisture and added to the mixograph mixing bowl (National Manufacturing, Lincoln, NE, USA) with 20 grams of water. [8] 
Non-Protein Nitrogen Analysis
A trichloroacetic acid method to determine non-protein nitrogen [9] was used. Flour samples were treated to remove non-protein nitrogen, dried, and protein content was determined following AOAC Method 992.23. [6] Protein from the treated flour was subtracted from protein content of the initial flour to determine the nonprotein nitrogen content. Nitrates in wheat berry samples were quantified at A&L Great Lakes Laboratories Inc. (Fort Wayne, IN, USA) using the copperized cadmium column method. [10] 
Lipid Oxidation Analysis
Wheat oil was isolated using the Soxhlet extraction AACC Method 30-25. [8] Thirty grams of wheat flour in extraction thimbles were placed under a continuous drip of petroleum ether for 16 h. Excess petroleum ether was then removed from the sample using a nitrogen evaporator. The oil was transferred to small test tubes and held at 65 • C for one week before analysis using an adapted 2-thiobartiburic acid reactive substances test. [11] 
Starch Analyses
Ten grams of starch was tested using methods for isolation and testing of starch described by Grant. [12] Pasting curves were used to characterize starch functionality using a rapid viscoanalyzer (Newport Scientific, Warriewood, Australia). Starch damage analysis was performed using a Megazyme Starch Damage Kit (Megazyme International, Wicklow, Ireland) following AACC Method 76-31. [8] 
Antioxidant Analysis
The antioxidant capacity of wheat was measured using a stable free radical, 2,2-diphenyl-1-picrylhydrazyl (DPPH) method (Sigma-Aldrich, St. Louis, MO, USA). [13] For DPPH analyses, 50 mL of 100 µmol DPPH in 70% methanol were combined with 0.10 g of wheat sample, and absorbance readings were taken at 510 nm using a Beckman DU 640 UV/Vis spectrophotometer (Beckman Coulter Ltd., Bedfordshire, UK).
Statistical Analysis
For comparing hydroponically-and field-grown wheat, single lots of Apogee and Perigee were analyzed in triplicate, with standard errors reported. All other experiments were performed in triplicate from three lots of Apogee and Perigee that were grown in greenhouses at Purdue and analyzed (a fourth was grown and reserved). Three separate lots each of Yecora Rojo, Parshall, and Yavaros 79 were purchased and tested. These measures were taken to prevent subsampling from the sample source. The data were analyzed by SAS software (SAS Institute, Cary, NC, USA) using the general linear model procedure and Duncan's multiple range test to compare mean values at P < 0.05 and minimize type II error.
RESULTS AND DISCUSSION
Proximate Analysis
Results of the proximate analysis, reported as percent w/w on a dry weight basis, are shown in Table 1 . Proximate analysis values for the terrestrial cultivars are comparable to those reported in the USDA database for hard spring and durum wheat cultivars. [5] Parshall had the highest fat content (2.4%) and Yavaros 79 the lowest (1.7%). Field-grown varieties of Apogee and Perigee had similar fat contents (2.1%). Apogee grown hydroponically had higher fat levels (2.3%) than Perigee (2.0%), and the second highest fat level overall. The majority of wheat lipids are unsaturated and have been shown to be beneficial to human health; [14] however, higher lipid concentrations would provide more substrate for rancidity reactions, which could result in a less palatable wheat supply as oxidative rancidity reactions progressed.
Yecora Rojo had the highest crude fiber levels and hydroponically-grown Perigee the lowest, at 4.5 and 3.0%, respectively. Ash contents ranged from a low of 0.9% (Yecora Rojo) to a high of 2.4% (hydroponically-grown Perigee). Perigee consistently had higher ash contents than Apogee, regardless of growth conditions. Crude fiber and ash are related to the amount of bran and, thus, are indirectly related to yield. [14] Hydroponically-grown Apogee and Perigee had lower crude fiber values than their field-grown counterparts, which is a positive indication that hydroponically-grown wheat could have higher flour yields. Higher flour yields and less bran, that would have to be reused in food recipes or treated as waste, could benefit not only a NASA advanced food system but also commercial wheat flour operations.
Of the terrestrial wheat cultivars, Parshall had the highest protein content (17%). Both Apogee and Perigee had higher protein concentrations than the terrestrial cultivars. Apogee had 18.4-20.4% protein, and Perigee had 17.9-20.3%. The hydroponicallygrown Apogee and Perigee had higher protein levels compared to field-grown samples. Veillard and Kokini [4] reported that Apogee had a high protein content (15.2%), although this protein concentration is below that found in this study. The high protein concentrations in Apogee and Perigee could be suitable for bread and/or pasta production. [4] 
Nitrate Analysis
No discernable pattern in wheat nitrate concentrations (Table 1 ) was found. Hartwig and Barnhart [15] reported that crops do not store nitrates in their fruit; therefore, the samples with high levels of nitrates in this analysis seem atypical.
The three samples with the highest nitrate concentrations were Yecora Rojo (14 ppm), Apogee grown in the field (17 ppm), and Perigee grown hydroponically (21.7 ppm). Due to the limited availability of these cultivated crops, additional production and testing would be necessary to confirm the trends in nitrate levels. Nitrate levels of ≥1% in the diet will potentially be harmful to animals and humans. [15] Although higher than expected, the nitrate levels found in this study are below those that could pose a significant health risk.
Non-Protein Nitrogen
Non-protein nitrogen in the form of free amino acids, short chain peptides, and nitrates was separated from protein fractions using the method described by McKeehen, [9] and results are summarized in Table 1 . Both Apogee and Perigee tend to have more non-protein nitrogen than any of the three terrestrial cultivars. Growth environment also influenced non-protein nitrogen contents, with hydroponically-grown varieties having more non-protein nitrogen than those grown in the field. Environmental conditions can have a large impact on the characteristics of wheat, and arid conditions have been shown to be favorable for production of durum wheat higher in gluten, amylose, amylopectin, and milling yield. [16] Increasing non-protein nitrogen could have beneficial effects, if nitrate levels remain low, by increasing the protein value through the addition of amino acids and short chain peptides. Further work is needed to identity growth conditions that could optimize protein quality and to characterize the specific compounds in the non-protein nitrogen fraction and how they affect wheat product quality.
Protein Analysis
There were different SDS-PAGE banding patterns between the glutenin protein fractions from the wheat cultivars (Fig. 2 ). Sissions and Batey [17] found that certain glutenin subunits are more desirable than others for high gluten strength potential. Parshall and Yecora Rojo may show expression of the high molecular weight glutenin subunit (HMW-GS) 6+8, which in previous studies was linked to higher bread-making quality. [3] Apogee expresses subunits HMW-GS 7+8, which have low bread-making quality characteristics, while Perigee only has the HMW-GS 8 subunit. The absence of the HMW-GS 6+8 subunits in Apogee and Perigee would likely affect the bread quality from these cultivars. Peak dough development times are shown in Table 2 . Differences are likely the result of differing amounts of each glutenin subunit in the wheat cultivars. The peak dough development times for Apogee and Perigee were the highest, at 6:22 and 5:42 min, respectively. According to Bruckner, [18] this would indicate an exceptional bread quality. However, the presence of glutenin subunits in the Apogee and Perigee cultivars (Fig. 2) is indicative of poor bread quality, [19] which contradicts the mixograph data that was supportive of an excellent bread quality. This discrepancy may be explained by the high protein content found in these cultivars and coincides with baking studies using Apogee flour that found that indications of high bread quality did not actually result in acceptable bread. [4] Apogee and Perigee may be better suited for pasta production. 
Lipid Oxidation Analysis
Wheat lipids, such as oleic acid, linoleic acid, and linolenic acid, constitute the majority of fatty acids that are found in wheat and are long chain unsaturated fatty acids. [20] These lipids provide numerous health benefits; however, due to their number of unsaturated bonds, they also are susceptible to oxidative rancidity. [21] Results from the TBARS analyses are presented in Table 3 . Apogee and Perigee were found to have the highest levels of lipid oxidation, with 1.5 and 1.7 µM TEP equivalence per µL of oil, respectively. Of the terrestrial cultivars, Parshall had the highest lipid oxidation (1.2 µM), and Yecora Rojo had the lowest (0.9 µM). Perigee had the highest mineral content (crude ash reported in Table 1 ) followed by Apogee, and this correlates to the amount of oxidation occurring. Trace metals are naturally occurring in the tissue and are present in both the free and bound forms. Several mechanisms have been postulated for metal catalysis of oxidation, including direct methods and activation of oxygen. [21] While having the most lipid, Parshall had the third highest amount of lipid oxidation (1.2 µM), and it also has the third highest amount of crude ash. These findings indicate that the amount of lipid oxidation is directly related to the amount of crude ash present, with a significant positive correlation (R 2 = 0.84).
Starch Analysis
Results for starch damage and starch pasting are reported in Table 4 . Perigee was the only cultivar found to have a significant increase in the amount of starch damage caused by milling ( Table 4 ). All other cultivars, including Apogee, have levels of about 2% starch granule damage. Veillard and Kokini [4] also observed that the starch damage in Apogee was similar to hard red spring wheat. Perigee starch damage is approximately three times higher (∼6%) than Apogee starch damage. When damaged, starch granules absorb six to nine times more water than undamaged granules, [22] do not swell at room temperature, break apart more easily, and decrease viscosity. The decreased viscosity (Table 4 ) of the Perigee cultivar when compared to the terrestrial wheat cultivars is likely caused by the amount of damage to the starch granules. The cause of the low viscosity of the Apogee pasting curve is unknown. The extent of starch pasting is a function of the availability of water to the starch granules, and the amount of water required to hydrate the Apogee granules may be higher. The final state of the starch contributes to the textural attributes of the baked product. [23] The swelling power of the starch granules in flour is associated with the quality of the final product. Gill et al. [24] demonstrated that flour with lower swelling and smaller starch granules resulted in noodles that were harder, chewier, and more cohesive. Yecora Rojo had the most viscous pasting profile of the cultivars examined, with a peak swelling viscosity of 433 cP and a retrogradation viscosity of 442 cP. Yavaros 79 was the least viscous with peak swelling and retrogradation viscosities of 56 and 53 cP, respectively. Apogee and Perigee were between these levels with peak swelling viscosities of 221 and 278 cP and retrogradation viscosities of 216 and 221 cP, respectively.
Antioxidant Capacity
The total antioxidant capacity of each cultivar as determined by the DPPH method compared to Trolox, a vitamin E derivative, is shown in Table 5 . Perigee had the highest antioxidant capacity (23.7 µmol Trolox equivalent/g of wheat), Apogee had the second highest (13.5 µmol Trolox equivalent/g of wheat), and Yecora Rojo had the lowest (11.5 µmol Trolox equivalent/g of wheat). The antioxidant capacity of Perigee was significantly higher than the terrestrial cultivars, likely due to a higher surface area of bran in Perigee. Yu et al. [25] reported that the bran has the highest antioxidant capacity of the entire wheat berry. Zielinski and Kozlowska [26] found that the pericarp and testa contained three times more antioxidants compared to endosperm and germ fractions for both wheat cultivars examined (Almari and Henika), with values ranging from 6.6 to 15.6 µmol trolox equivalents/g. These values correlate well with the results in Table 5 . Furthermore, the presence or addition of antioxidants has been shown to improve dough characteristics, even at minimal levels, [27] suggesting that doughs made from Apogee and Perigee flour benefit from the high antioxidant levels. Thus, the antioxidants in Apogee and Perigee could have an impact on health as well as the characteristics of the dough.
CONCLUSIONS
The proximate compositions of the Apogee and Perigee cultivars differed from terrestrial cultivars. Apogee and Perigee, grown both in the field and hydroponically, had higher protein and ash contents but similar fat and fiber levels to the terrestrial cultivars. Nitrate concentration analysis revealed no discernable pattern between cultivars or growth conditions. Based on protein concentration and profiles, the dwarf cultivars are likely better suited for pasta production, but have lower protein quality indicators than the terrestrial cultivars. Apogee and Perigee were significantly more susceptible to lipid oxidation than the other wheats with Perigee having the most oxidation. An increased surface area increases the amount of crude ash and unsaturated fatty acids, which promote oxidation, but also yields higher antioxidant capacity. Apogee appears to have better starch integrity than Perigee, less lipid oxidation, and a peak dough development equivalent to Parshall, a hard red spring wheat. Therefore, Apogee would be a better candidate crop than Perigee for food use in a self-sustaining environment. Further collaborations between food and plant scientists are needed to generate enough biomass of newly designed crops to facilitate food and sensory analysis for optimization of a NASA advanced food system and to further explore potential advantages of utilizing dwarf wheat crops for enhanced flour yield, antioxidant capacity, or tailored functionality.
